The lattice parameter, thermal conductivity and electrical resistivity in off-stoichiometric ZrC x compounds were investigated and compared with previous research results. The change in the lattice constant as a function of carbon content in the present study was clearly different compared to results from previous studies. In the present study, the lattice constant decreased with the decrease in carbon content. In contrast, the lattice constant exhibited a maximum value at x = 0.8 in the previous studies. Moreover, the lattice constants obtained in this study were smaller than that of the previous studies at the same carbon contents. The changes in the thermal and electric properties as a function of carbon content and temperature exhibited the same trends in the present and previous studies. However, the values of the thermal conductivity at the same carbon content were different. The values in the present study were higher than those of the previous studies.
Introduction
Zirconium carbide (ZrC) exhibits a high melting temperature (3700 K) 1) , high hardness (25.5 GPa), low electrical resistivity (45 ± 10 × 10 −6 Ωcm) and thermal conductivity (20.5 W/m K) at around stoichiometric composition of ZrC x (x < 1), and high chemical resistance to acids 2) . Hence, ZrC is a candidate for applications of thermal barrier coatings and cutting tools. Moreover, ZrC is an interesting material from the viewpoints of metallography and crystallography. ZrC has a NaCl (B1) structure with wide composition ranges on the Zr-rich side between ZrC 0.55 to ZrC 0.99 1) . Although there are signi cant defects due to carbon de ciency, it is wellknown that these defects can strongly affect the thermal and electrical properties in the conductive material. Therefore, in the ZrC phase, the effect of carbon de ciency on the lattice parameter, thermal and electrical conductivities was investigated several decades ago [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Recently, however, continued research of the basic properties in ZrC has not been conducted; thus, the property data of ZrC measured from the 1960s to the 1970s are still used, and these data have wide distributions, even at the same composition 15, 16) . Hence, in this study, we reinvestigate the lattice parameter, electrical and thermal properties of ZrC and compare them with the previous data.
Experimental Procedure
Zirconium carbide powders supplied from Daiichi Kigenso Kagaku Kogyou Co., Ltd. were used in this study. The supplied ZrC contained a free carbon; thus the actual composition of the powder was ZrC 1.07 . For the fabrication of off-stoichiometric ZrC compounds, the ZrC powder was manually mixed with pure zirconium powder using an agate mortar. The powder mixture was sintered at 2073 K for 600 s under an 80 MPa uniaxial pressure in a vacuum using a pulsed current sintering method. For sintering, a carbon mold (ϕ30 × ϕ10 × h30 mm) and punches (ϕ10 × h20 mm) were used. The temperature was monitored at the surface of the mold using a radiation thermometer. Crystalline analysis of the sintered ZrC was performed by X-ray diffraction (XRD) using Cu Kα 1 radiation. Microstructural observation was carried out using scanning electron microscopy (SEM). The electrical resistivity of the samples was measured by the four-terminal method at ambient temperature and the four-probe DC technique in the temperature range of 300 K to 750 K under a He atmosphere. The thermal conductivity of the samples was measured by the laser ash method in the temperature range of 323 K to 523 K in air. The specimen dimensions were ϕ10 mm with thickness of 1-2 mm. For the reference material, alumina or Inconel was used. The carbon and oxygen content of the sintered samples was measured using a carbon and oxygen analyzer, respectively.
Results and Discussion
The sample compositions used in this study are listed in the Table 1 . The impurity of oxygen was detected. Other impurities of nitrogen and metal elements were below the detection limits with the instrument used. Figure 1 shows the change in XRD patterns with various compositions. The source ZrC powder showed the peaks for ZrC phase and graphite because the composition of source powder was carbon-rich ZrC 1.07 . In the sintered samples, the carbon peak disappeared by decreasing the carbon content. The added pure Zr compensated the free-carbon and formed the ZrC phase during sintering; however, small peaks for Zr oxide (ZrO 2 ) appeared. The excess addition of Zr led to an exclusive Zr phase in the sample with x = 0.41.
The change in the lattice parameter of the sintered samples is plotted as a function of carbon content as shown in Fig. 2 . The lattice parameters were calculated from the peak positions of the XRD patterns. For the calibration of the peak positions, pure Si was used. As a comparison, the previous data are plotted by open symbols [11] [12] [13] [14] 17) . In the present case, the lattice parameter decreased linearly with a decrease in the carbon content of the ZrC samples without a coexisting of carbon or zirconium phase. The relationship between the lattice parameter, a, and the ZrC x composition, x, is expressed by:
(1)
The sample containing free carbon exhibited a departure from the regression line. This suggested that the actual ZrC composition was more Zr-rich in these samples. The change in the lattice parameter of the present study exhibited a distinctly different trend compared with the previous results. In the previous study, the lattice parameter exhibited a maximum at around x = 0.8 and gradually decreased thereafter with a decrease in the carbon content. Moreover, the lattice parameters were larger than that of the present study at the same carbon content. However, in the case of titanium carbide, which is also a transition metal group IV carbide and has the same crystal structure as the ZrC phase, the change in the lattice constant exhibited a similar trend with that in the present study, i.e., the lattice constant decreased with a decrease in the carbon content 18, 19) . Hence, the linear decrease in the lattice constant observed in this study seemed to be reasonable result. The reason for the difference of the lattice constant between the present and previous studies was presumed to be due to the amount of the impurities in the ZrC phases. In fact, the previously reported ZrC 0.75 contained 8100 ppm oxygen and 1.4 mass% sulfur with a lattice parameter of 4.715 Å 14) . The ZrC x compounds used in this study (Table 1) contained lower oxygen level comparing to the above mentioned sample. However, the oxygen level of the several previous samples was lower than that of this study 14) . Hence, to verify the cause for this discrepancy, the further investigation would be required.
The SEM images of the sintered ZrC with various compositions are shown in Fig. 3 . The free carbons originally contained in the source powders are seen in (a). The free carbon disappeared in (b)-(d) due to the formation of the ZrC phase by the reaction of carbon and added Zr. In addition, the grain size of the sintered ZrC increased with a decrease in the carbon content, x. This increase indicated the increase in the self-diffusion rate of the ZrC phase due to the introduction of carbon vacancies and the decrease in the melting point of ZrC. The excess Zr phases were observed, as indicated by arrows, at the grain boundary and triple junction of ZrC in the sample with x = 0.41. The change in the electrical resistivity at room temperature as a function of composition is shown in Fig. 4 . Here, the compositions of samples with coexisting carbon or Zr were corrected to the actual ZrC compositions using eq. (1). The dotted line is the empirical tting of a previous study at room temperature derived by Storms and Wagner 14) .
In the present study, the electrical resistivity rapidly increased with a decrease in the carbon content. It can be inferred that carbon de ciency, i.e., carbon vacancy, affected the electron transport properties. This trend agrees with that found in previous research. Figure 5 shows the temperature dependence of the electrical resistivity in ZrC 0.61 . The temperature dependence of the resistivity is linearly tted here, similar to the previous reports 7) . In previous research, the linear dependence in the near stoichiometric ZrC 0.93 was tted as follows:
and, in the present case (ZrC 0.61 ), the temperature dependence is expressed by:
The temperature dependence in the lower carbon content compound was weaker than that in the higher carbon content compound. In previous research, similar results were obtained. The temperature dependences of the electrical resistivities of ZrC and NbC showed positive correlations, and their gradients became smaller with the decrease in carbon content 20, 21) . This composition dependence of the gradient can be well-explained by Matthiessen s rule by considering the composition dependence of the carrier concentration 20) . The temperature dependence of thermal conductivities in the sintered ZrC x is shown in Fig. 6 . In all samples, the ther- mal conductivity increased with the increase in temperature and decreased with the decrease in carbon content. The temperature dependence exhibited a typical semi-metallic behavior, and the trend agrees with previous research and band calculations 12, 22) . Figure 7 is a plot of the thermal conductivity at room temperature as a function of carbon content. To consider the inuence of oxygen impurity, the thermal conductivities of ZrC 0.74 , ZrC 0.52 and ZrC 0.42 were replotted to the Zr(C+O) x by open triangles with arrows, because the oxygen impurity resides on a carbon vacancy 14) . For a comparison, plots obtained from previous research are also shown 14) . From the gure, it is clear that the oxygen impurity shifts the thermal conductivity to the higher x value. However, this in uence becomes small with decrease in carbon content. In the lower carbon region (x < 0.52), the thermal conductivity is almost constant; thus the apparent oxygen effect is not observed. This means that oxygen in uence of the sample with lower carbon content is negligible in this study. In previous research, the thermal conductivity rapidly decreased from a stoichiometric composition and later became saturated by a decrease in the carbon content. This tendency is in agreement with the present data. However, the present study exhibited a higher conductivity than previous research at the same ZrC composition. In the samples of previous research, the relative densities of the samples were low (ρ: 75-98%) 14) . Hence, porosity correction was carried out. In contrast, the relative densities of the present studies were more than 98% as estimated from image analysis; thus, porosity corrections were not carried out, and the raw values were used. The high-density specimens would show more intrinsic properties of the thermal conductivity. Therefore, there is a possibility that the actual thermal conductivities of the ZrC were slightly higher than that of previous reports. The smaller thermal conductivities in the previous studies might be due to the impurity of the sintered samples as inferred from the lattice constant (Fig. 2) . However, the detailed reason has not been clari ed.
The thermal conductivity, κ, is given by the simple sum of electronic contribution, κ e , and lattice contribution, κ ph , κ = κ e + κ ph . The κ e can be estimated using the Wiedemann-Franz law:
where L 0 is the Lorenz number, ρ is the electrical resistivity, T is the absolute temperature, and e is the elementary electric charge. Using eq. (5) and Fig. 4 , the thermal conductivities in Fig. 7 can be divided into κ e and κ ph as shown in Fig. 8 . The theoretical Lorenz number is 2.44 × 10 −8 (V/K) 2 . However, in actual materials, the number varies from the theory. In this study, the actual Lorenz number was not clear, thus the theoretical value was used and the calculated κ e and κ ph were not precise for showing a qualitative composition dependence. For comparison, the previously reported thermal conductivity was also divided into κ e and κ ph using eqs. (2), (5), and Ref. 14) , and the empirical tting for κ ph is expressed as follows:
In the present study, κ e decreased with the decrease in carbon content for x > 0.6, and then it became saturated. On the other hand, κ ph showed a rather modest dependence of the carbon content as compared to κ e . κ ph gradually decreased with the decrease in carbon content. This suggested that the change in κ e was dominant in the composition dependence of κ for x > 0.6. In a previous report, κ e and κ ph gradually decreased in the 0.6 < x < 0.8 region, and these values were comparable to or smaller than those of the present study. However, rapid decreases of κ e and κ ph were observed in the near stoichiometric region (x > 0.9). First principle calculations revealed that carbon vacancies were stable in the carbon de cient ZrC 23) . Hence, from the present and previous studies, carbon vacancies appeared to affect κ e and κ ph around the stoichiometric composition, but the introduction of a large amount of vacancies had little in uence on the κ e and κ ph . 
